The threshold voltage and current necessary for ventricular defibrillation was measured in dogs using capacitor-discharge and half-sinusoidal pulses of current of various durations. From these quantities the electrical strength required for defibrillation was determined and expressed as energy, peak current, and charge per gram of heart. The optimum current duration depends on the criterion selected. It was found that with half-sinusoidal current, less energy, current, and charge were required; this type of waveform approximates that delivered by capacitor-inductor defibrillators. For minimum energy with this waveform, the optimum duration range is 1.25 to 8.3 msec and the energy required is approximately 7 mw-sec per gram of heart. For minimum current, the optimum duration is 8.3 msec; with this duration the peak half-sinusoidal current is about 30 mamp per gram of heart. There is no clearly defined duration for minimum charge for capacitor-discharge or half-sinusoidal current.
ADDITIONAL KEY WORDS optimum defibrillation current • A considerable variety of waveforms has been used successfully for ventricular defibrillation. With all of these it has been found that a short-duration pulse of current will accomplish defibrillation; from this observation developed the use of capacitor-discharge current. It was subsequently reported by Gurvich ( 9 ) , Edmark (10) , and Tacker et al. (11) that the insertion of an inductor in series with the capacitor-electrode-heart circuit permitted defibrillation with noticeably less energy, voltage, or current. Although this observation has not been quantified rigorously, it has been made repeatedly. The object of this paper is to report quantitative studies which investigate this observation in terms of energy, current, and charge versus the duration of current flow. When capacitor discharge is employed, the current waveform rises sharply and decays exponentially. The duration of the decay depends upon the capacitance and resistance of the electrode-heart circuit. Because the actual value of the resistance of the electrodeheart circuit cannot be predicted, the only practical method of controlling the duration of current flow is to select an appropriate capacitor; knowledge of the actual duration of current flow requires recording with a high-speed recorder such as an oscilloscope. The magnitude of the current flow is dependent on the voltage to which the capacitor is charged and inversely on the resistance of the electrodeheart circuit. Thus to determine the minimum (threshold) peak current and duration of current flow, it is necessary to choose a capacitor, charge it to a known voltage, and record the amplitude and time course of the lowest intensity current that will produce defibrillation. By choosing different capacitors, it is possible to determine the threshold voltage and current for a wide range of 552 GEDDES, TACKER, McFARLANE, BOURLAND current durations; this method was employed in this study to obtain capacitor discharge strength-duration curves for defibrillation.
When an inductor is placed in series with the capacitor-electrode-heart circuit, the current waveform is a damped sine wave; with the electrical parameters presently employed in defibrillation, the damping is high and the waveform is virtually a half sine wave 2 to 8 msec in duration (5, 12) with almost no afterwaves (ringing). The actual duration of this waveform during defibrillation is dependent on the values of the capacitance, inductance, and the resistance of the electrodeheart circuit. With a chosen value of capacitance and inductance, if the resistance of the electrode-heart circuit is low, multiple afterwaves are present. In point of fact, to obtain waveforms of various durations without ringing, it is necessary to select the appropriate combination of inductance (L), capacitance (C), and resistance (R) because electrical damping, which determines the amount of ringing, varies as R/2 V L/C. Therefore, it is practically impossible to predict the electrodeheart resistance and thereby choose appropriate values of L and C to obtain the duration of the desired waveform to investigate the electrical parameters for capacitor-inductor defibrillation. To overcome this practical difficulty a half-sinusoidal waveform of voltage was generated by combining a variablefrequency, sine-wave motor-generator with a gated rectifier circuit (McFarlane et al., 13, 14) which would allow passage of a single half sine wave of any frequency chosen in the range of 40 to 400 Hz, i.e., 12.5 to 1.25 msec in duration. With this arrangement the desired duration can be chosen and the voltage adjusted to determine the threshold current for defibrillation; this was the method employed to investigate the importance of duration on the current and voltage required for defibrillation with a single pulse of halfsinusoidal current.
From recordings of the threshold voltage and current required for defibrillation, it is possible to express strength electrically in three ways: energy, current, and charge.
Energy, which is defined as the ability to do work, is, in a practical sense, the power multiplied by the time it is delivered; the unit employed is the joule or watt-second. Defibrillation with the least amount of energy will guarantee the minimum temperature rise in the myocardium. Calculation of the energy from the electrical parameters used for defibrillation appears to have originated with the studies of Mackay and Leeds (2) and Lown et al. (4) . Although this quantity does increase with increasing heart and body size, its appropriateness has not been established; in fact, Ferris et al. (16) and Druz (12) believe that energy is not the best descriptor of the electrical parameters used for defibrillation. Nonetheless the term is in daily use.
The peak current that flows is an important consideration because successful defibrillation requires that an adequate current flow be attained through enough of the myocardium to place the nonfibrillating cells in the refractory condition, so that there is no pathway for excitation to be self-sustaining. The idea that current was the best descriptor for successful defibrillation appears to have originated from the studies of Ferris et al. (16) , and Wiggers (17) . Recent support for the use of current has come from Druz (12) and Ferris et al. (15) who, in transthoracic defibrillation studies, have normalized the current employed by dividing it by the body weight. Although it is well known that the amount of current required for defibrillation increases with heart and body weight, excessive current impairs the contractile force of the myocardium. It has been reported by Peleska (6), Pierce and Sprawls (9), Tacker et al. (18, 20) and Kouwenhoven and Milnor (19) that high peak currents, even if they are associated with low energy levels, impair the contractile force of the ventricles. Therefore, defibrillation with a minimum peak current is obviously desirable.
Charge is described in terms of the current and the time it flows. In fact the charge delivered is the area under the current-time curve and the units employed are ampereseconds or coulombs. With a unidirectional Circulation Research, Vol. XXVll, October 1970 current pulse, the charge delivered during defibrillation describes the amount of electrolytic decomposition that occurs at the electrodes, being an expression of Faraday's law of electrolysis. Therefore, defibrillation by delivery of the minimum charge guarantees the least accumulation of electrolytic products at the electrode-myocardium surfaces. To date, charge has not been used to represent the electrical parameters used in ventricular defibrillation.
Because it is well known that the voltage and current required for defibrillation increase with heart size, it is useful to normalize the electrical quantities to minimize the effect of hearts of varying size. Accordingly, the three quantities of energy, current, and charge can be normalized by dividing by heart weight.
Methods and Materials
A tracheotomy was performed on dogs anesthetized with sodium pentobarbital (30 mg/kg) and intermittent positive-pressure respiration was applied using room air. Carotid blood pressure and lead II or III electrocardiogram were recorded. The heart was exposed by splitting the sternum, and the thorax was held open by ropes tied to the animal board. The heart was exposed by opening the pericardium. Fibrillation was induced by applying 2-msec stimuli having a frequency of 50 per second and an intensity of 10-volts peak. Fibrillation was confirmed by visual observation, replacement in the ECG of R waves by fibrillation waves, and loss of blood pressure. Fibrillation was allowed to exist for at least 30 seconds. Defibrillation was accomplished by applying concave spoon-shaped electrodes (9.5 X 6 cm, covered with gauze soaked in saline) snugly around the ventricles and applying the defibrillating current. The current and voltage waveforms were recorded on a two-channel storage oscilloscope (Model 564 Tektronix, Beaverton, Ore.). The current was measured either by recording the voltage across an 0.52 ohm resistor in series with one of the defibrillating electrodes or bv a Halleffect current probe (Model P6042, Tektronix, Beaverton, Ore.). Triggering facilities were employed so that the oscilloscope sweep was initiated just before delivery of the defibrillating current which was obtained from the defibrillators to be described.
Two capacitor-discharge defibrillators were employed. The first permitted selection of capacitors having values ranging from 5.5 to 600 fii; these could be charged to any voltage up to Circulation Research, Vol. XXVU, October 1970 900. The second defibrillator contained capacitors in the range of 1 to 30 fit which could be charged to between 0 and 6000 volts. The defibrillator that produced the half-sinusoidal current has been described previously by McFarlane et al. (13, 14) ; briefly it consisted of a modified 400 Hz AC aircraft motor-generator which was operated from a variable voltage DC power supply which derived its energy from the standard 115-volt AC power line. The speed of the motor section could be varied to provide sinusoidal alternating voltage ranging in frequency from 40 to 400 Hz. The generator section could be adjusted to provide a sinusoidal output voltage extending from 0 to 440 volts, peak-to-peak. The exact frequency was always set by the use of Lissajou's figures with a calibrated sine-wave oscillator connected to the X-axis of an oscilloscope. The output of the motor generator was connected to a gated rectifier circuit which was turned on for only one-half cycle, thereby providing a single half-sinusoidal pulse of voltage ranging in duration from 12.5 to 1.25 msec.
The procedure employed with capacitor-discharge current consisted of choosing a capacitance value, precipitating fibrillation and allowing it to last for 30 seconds. Then the defibrillating electrodes were placed snugly around the ventricles and defibrillation was attempted with 100 volts; if this was inadequate, the voltage was immediately raised by a 10-volt increment and another attempt was made. If three such 10-volt increments failed, the ventricles were quickly defibrillated by a 40-/x,f capacitor charged to 350 volts. After the blood pressure and the ECG returned to control values, the procedure was repeated starting with the last voltage which failed to defibrillare. The threshold voltase accepted was that lowest voltage which would defibrillate in all trials with a given capacitance. If the original 100-volt shock defibrillated, the voltage was lowered in 10-volt increments and the procedure was repeated until failure to defibrillate resulted. This procedure was employed with all animals; however, when capacitors of small value were used, the starting point for the defibrillation trials was above 100 volts. Threshold defibrillation voltages and currents were determined for a range of capacitors extending from 1 to 600/if.
When half-sinusoidal current was employed, the procedure consisted of setting the frequency of the AC generator so that the desired duration of half sinusoid was obtained. Fibrillation was induced and the lowest voltage that would defibrillate was found in a manner similar to that described for capacitor discharges. To minimize the effect of multiple defibrillation trials on threshold defibrillation values, in one half of the animals, the procedure was started by using the 1.25-msec duration pulse; determination of threshold values on the other half of the animals was accomplished starting with the 12.5 msec duration pulse.
The data obtained in each experiment consisted of recordings of the voltage and current waveforms required for threshold defibrillation. At the end of each experiment the heart weight was obtained. For capacitor discharge current, the energy was calculated by the expression 0.5 CE m 2 , where C is the capacitance in farads and E m is the voltage to which the capacitor was charged as shown by the oscilloscope tracing. The peak current was read directly from the oscilloscope and the charge was calculated by using the expression CE m , the product of capacitance (farads) and voltage. For half-sinusoidal current, the energy was calculated by using the expression E m I m d/2, in which E m and I m are the threshold values of peak voltage and current used to defibrillate and d is the duration of the halfsinusoidal pulse. The charge was calculated from the expression 2dl m /ir. The energy, peak current, and charge values obtained were normalized by dividing by the heart weight. With capacitor discharge the duration of the current waveform depends on the capacitance chosen and the resistance of the electrode-heart circuit. Thus the durations obtained for threshold values of current ranged from less than 0.1 msec to 20 msec. To obtain data on energy, current, and charge per gram of heart at desired durations (0.1, 0.15, 0.2, 0.3, 0.5, 0.7, 1.0, 1.5, 2, 3, 4, 5, 7, 10, 15 and 20 msec), individual graphs of the three quantities were plotted for each dog. From these graphs it was possible to obtain the values at the desired durations. All data were treated statistically to obtain mean values and standard errors of the means.
Results
Three hundred and sixty-three threshold values for energy, current, and charge per gram of heart were obtained on 31 dogs with capacitor-discharge current; these data were obtained from about 1700 defibrillation trials.
Using half-sinusoidal current, 215 threshold values for energy, current, and charge per gram of heart were obtained in 27 dogs from about 900 defibrillation trials. The data obtained are presented in Tables 1, 2 Figure 1 compares the energy required (per gram of heart) for defibrillation over a range of durations. Quite apparently, with a halfsinusoidal pulse the energy required is significantly less than for capacitor-discharge current in the same duration range. Interestingly enough, if attention is directed only to energy, without considering duration, it is possible to defibrillate by capacitor discharge with slightly less energy with a duration of 0.1 msec than is required with the minimum half-sinusoidal pulse at 8.3 msec. However, the use of shortduration, capacitor-discharge pulses is associated with high currents which have been shown by Pierce and Sprawls (9), Kouwenhoven and Milnor (19) , Peleska (6) , and Tacker et al. (18, 20) to impair myocardial contractile force. A half-sinusoidal pulse enjoys a practical advantage because the energy required is substantially the same in the range of 1.25 to 8.3 msec, thereby allowing a variation in Circulation Research, Vol. XXVII, October l$)70 electrode-heart resistance, and hence pulse duration, as would occur if such a waveform is derived from a defibrillator which employs an inductor and capacitor. Figure 2 presents data regarding the peak current required for defibrillation. For both capacitor-discharge and half-sinusoidal current, there is an optimum duration; for the former it is centered around 4 msec, for the latter it occurs at 8.3 msec. Of perhaps more importance is the fact that defibrillation can be achieved with significantly less current with a half-sinusoidal pulse, although the minimum occurs over a narrow range of durations.
The data comparing the charge required for defibrillation with capacitor-discharge and half-sinusoidal current are presented in Figure  3 . With both waveforms, more charge is required as current duration is increased. For the same duration, more charge is required with capacitor-discharge current than with half-sinusoidal current. However, around 1msec duration, the difference in charge required is small. Figure 4 compares the three criteria (threshold energy, current, and charge per gram of heart) required for defibrillation using capacitor-discharge and half-sinusoidal current. Quite apparent is the fact that the three criteria are different. With capacitor discharge, minimum energy and charge occur with the shortest duration pulse (0.1 msec), whereas minimum current is required in the duration range extending from 3 to 5 msec. For half-sinusoidal current, minimum energy is required with a pulse duration of about 8.3 msec, although the energy required at this duration is substantially the same in the range extending from 1.25 to 8.3 msec. Minimum current is required with a pulse duration of 8.3 msec and minimum charge occurs with the shortest duration pulse, i.e., 1.25 msec.
The data reported in this investigation show that the three criteria for ventricular defibrillation (energy, current, and charge) are different and waveform dependent. On the basis of minimum energy per gram of heart, a single half-sinusoidal pulse of current ranging in Threshold energy per gram of heart required for defibrillation using capacitor-discharge and half-sinusoidal current of various durations. The vertical bars represent ±1 SE. The insets illustrate the waveforms for capacitor-discharge and half-sinusoidal current.
duration from 1.25 to 8.3 msec requires less energy than a capacitor-discharge current of the same duration range. On the basis of peak current, defibrillation can be achieved with the minimum current per gram with a halfsinusoidal pulse of 8.3 msec in duration; this current is less than that required with capacitor discharge of any duration in the range extending from 0.1 to 20 msec. For capacitor discharge, defibrillation with minimum current per gram of heart occurs in the duration range of 3 to 5 msec; however, more current is required than with a half-sinusoidal pulse of the same duration. On the basis of charge, defibrillation with a half-sinusoidal pulse requires less charge than with capacitordischarge current; there appeared to be no optimum duration for minimum charge for either waveform.
It is therefore concluded that on the basis of minimum energy and minimum current per gram of heart, half-sinusoidal current in the duration range from about 3 to 8 msec is optimal for ventricular defibrillation. It is encouraging to note that many existing inductor-capacitor defibrillators provide almost half-sinusoidal current pulses in this duration range. Threshold current per gram of heart required for defibrillation using capacitor-discharge and half-sinusoidal current. The vertical bars represent ± i SE.
Appendix
The electrical quantities presented in this paper were derived from the following relationships between voltage, current, and time.
The current waveform obtained when a capacitor is discharged into a resistive circuit is exponential in form and is equal to I m e~t /KC where I m is the maximum current, C is the capacitance (farads), R is the resistance (ohms) and t is the time in seconds. The time taken for the current to fall from its maximum value to 37% of that value is the time constant and is equal to the product of the resistance Circulation Research, Vol. XXV11, October 1970 and capacitance (ohms X farads); this time is usually employed to describe the duration of a capacitor-discharge waveform. The energy in joules (or watt-seconds) stored in a capacitor is equal to 0.5 CEn^; in this expression, C is in farads, and E m is in volts. The charge (in coulombs) stored by a capacitor is equal to CE m ; the units are farads and volts.
In this study the application of a halfsinusoidal voltage waveform to the electrodeheart circuit resulted in the flow of a half-sinusoidal waveform of current. The twochannel recordings of both waveforms showed no detectable phase shift, indicating that the Threshold charge per gram of heart required for defihrillation using capacitor-discharge and half-sinusoidal current. The vertical bars represent ±1 SE.
circuit was essentially resistive for the current densities existing in the heart and at the electrode surface; this is in agreement with measurements made previously (21) using full-wave sinusoidal voltage. The energy in any circuit is given by the time integral of the voltage (e) and the current (i), i.e., / e i dt; in the case of sinusoidal voltage and current flowing in a resistive circuit, 
